Processing and strain induced crystallization and reinforcement under strain of poly(1,4-cis-isoprene) from ZieglereNatta catalysis, hevea brasiliensis, taraxacum kok-saghyz and partenium argentatum 
Introduction
Natural rubber (NR) is poly(1,4-cis-isoprene), a polymer with very high stereoregularity [1e4] . It is the most important rubber: worldwide consumption is more than 12 million tonn/year and is steadily increasing [5] . History of natural rubber is fascinating [6] , from the first examples of processing, use and transport in Mesoamerica, 1600 years B.C. [7, 8] , to the discovery of vulcanization by Charles Goodyear [9] . Meso-americans were able to obtain elastic and wear resistant rubber, suitable to prepare rubber balls, sandal soles and rubber bands, mixing juice from Ipomoea alba (morning glory vines) with latex from Castilla elastica trees. Indeed, NR has unique properties: outstanding strength [10, 11] and tack [12e14] in the uncured state and, upon crosslinking, very high tensile strength [15, 16] and crack growth resistance, in fatigue [17e23] and in static [24e28] loading conditions. In particular, the crack growth resistance is a key property, which allows to use NR for airplane tyres, heavy truck and base isolators to limit and prevent damages due to seismic vibrations.
Large scale industrial application of natural rubber has been mostly based on NR from Hevea Brasiliensis, but more than 2000 species of plants produce poly(1,4-cis-isoprene) [4] . In the last decades, research on alternative sources of NR has been very active. In fact, major problems hang on NR from hevea brasiliensis (HNR) like the sword of Damocles [29] : diseases could lead to significant crop loss, plantations are concentrated in relatively small geografic areas and shortage can be predicted, due to increasing consumption. Preferred alternative sources of natural rubber are taraxacum kok-saghyz, known as the russian dandelion and partenium argentatum, known as guayule. Papers are available since the beginning of the last century, on taraxacum [30, 31] and on guayule [32e40] . Biosynthesis studies are performed, to improve the rubber productivity from alternative sources [41e46] .
It is widely acknowledged that NR samples, from Hevea Brasiliensis and from other sources, do not contain only poly(isoprene) but also non rubber components, in different amount, depending on the source as well as on plantation and farming conditions. Careful studies have to be performed in order to assess the chemical composition of rubber samples [47, 48] , because, as discussed in the following, non rubber components have a strong effect on the properties of natural rubber, such as the strain induced crystallization (SIC) and the behavior in vulcanization.
SIC is the prompt development of crystallization under straining. Stretching NR over a threshold strain ratio triggers SIC, whose kinetics increases with the strain amplitude. It decreases as the temperature is raised and has not been observed at temperatures higher than 80 C. Reviews on SIC of natural rubber are available [49e51] . Moreover, studies are reported on local strain response [52] segmental dynamics [53] , mechanism of deformation [54] , orientation and deformation mechanisms [55] , morphology [56] , kinetics [55, 57, 58] and time [59] of crystallization, crystallite structure [60, 61] , crystallite melting temperature [62] , on the study of models [63, 64] , temperature dependence of mechanical properties [65] , fatigue behaviour [66, 67] . Explanation of the SIC phenomenon are based on the high stereoregularity of poly(isoprene) chains [2, 3, 68, 69] and on the small melting entropy per statistical segment [70, 71] More recently, the key role played by non rubber components has been elucidated [72e79] . It is acknowledged that polymer chain ends bear dimethylallyl groups modified with proteins and phospholipids with fatty acid ester groups. Branch-points by ionic and hydrogen bonds and via the formation of micelles are formed by poly(isoprene) chain ends. Linked and free saturated fatty acids have nucleating effect on NR crystallization. The effect of entanglements and endlinking networks [80, 81] , as well as of deproteinization [80] has been investigated. Studies on the cohesive strength [34] and on crystallizability under strain [35, 37, 38, 40] have been reported for G-NR. Some of the authors have recently reported a comparative study of SIC for HNR and TKS [47] .
It is known that poly(1,-cis-isoprene) from Hevea Brasiliensis promotes faster vulcanization than the synthetic homologue and this is attributed to the effect of non rubber components such as proteins.
Research here reported was focused on strain induced crystallization (SIC) and vulcanization of NR, comparing NR samples from Hevea brasiliensis (HNR), taraxacum kok-saghyz (TKS) and parthenium argentatum (GR) and a synthetic poly(1,4-cis-isoprene) sample (IR) from ZieglereNatta catalysis. Two HNR samples were analyzed, with high (HNR-H) and low (HNR-L) molar mass. Chemical composition of HNR, G-NR and TKS samples was determined through thermogravimetric analysis (TGA), infrared (IR), 1 H and 13 C NMR spectroscopy. In particular, low molar mass components were isolated, through solvent extraction, and characterized. Wide Angle X-ray diffraction (WAXD) patterns were taken on samples stretched at different strain ratio (a) and quasi-static measurements were performed, at room temperature.
Experimental part

Materials
Synthetic poly(1,4-cis-isoprene) (IR) (Nizhnekamskneftechim Export) had trade name SKI3.
Natural poly(1,4-cis-isoprene)s were as follows.
From Hevea Brasiliensis: STR20 from Eastern GR Thailandia e Chonburi (HNR-L), RSS3 from LTR L.T. Rubber Co Thailandia e Reyong (HNR-H).
From partenium argentatum: solid raw rubber (GR-R) was isolated (see below) from the latex obtained from Yulex Corporation. Purified rubber (GR-P) was obtained from GR-R, through extraction with ethyl acetate (see below).
From taraxacum kok-saghyz: solid rubber (TKS) was from NovaBioRubber Green Technologies Inc.
Acetone and ethyl acetate were from Aldrich (!99%) and were used without purification.
2,2 0 -Dibenzamido diphenyl disulfide (DBD) (CAS Number: 135-57-9, chemical formula C26H20N2O2S2) was Renacit 11 from Lanxess.
Preparation of solid rubber samples
Isolation of GR-R from rubber latex. In a 15 cm diameter flat beaker were poured 30 mL of Guayule rubber latex, that formed a 2 mm thick continuous layer, dried for 48 h in a hood at room temperature in the absence of light. The quantity of GR-R obtained was 15 g.
Preparation of GR-P. GR -R (10 g) was finely sliced and placed into a brown laboratory glass bottle (DURAN ® GL 45) provided with a cap, and 500 mL of ethyl acetate were added. The suspension was left 24 h without stirring, in the absence of light. The solvent was poured off and the operation was repeated twice. The pure solid rubber was dried for 12 h at 30 C, under nitrogen atmosphere. 8 g of pure rubber were eventually obtained.
Extraction of non rubber components from poly(1,4-cis-isoprene) samples. Samples were extracted with Soxhlet apparatus in refluxing acetone for 16 h, adopting the ISO1407 procedure.
Reaction of TKS sample with NaOCH 3 . Reaction was carried out on 15 g of TKS sample, after extraction of non rubber components. Solid sample was first put in a 250 mL round bottomed flask, then dissolved in 100 mL of toluene, at 50 C, under nitrogen. After dissolution, were added 400 mg of NaOCH 3 under nitrogen atmosphere. The reaction mixture was then maintained at 50 C for 3 h. After cooling, 300 mL of methanol were added and the precipitated solid rubber was first removed and then dried at 30 C under vacuum.
Preparation of HNR samples with different molar mass
50 g of poly(1,4-cis-isoprene) HNR-H were introduced into a Brabender type internal mixer and masticated at 100 C for 1 min with rotors rotating at 60 rpm. 2,2 0 -Dibenzamido diphenyl disulfide was added in different amounts (0,05 and 0,1 phr) and mixing was performed for 4 min.
Characterization of poly(1,4-cis-isoprene) samples
Determination of volatile components. The amount of volatile components were determined by thermal gravimetric analysis (TGA), performed with a Mettler TGA SDTA/851 instrument in a flowing N 2 (flow rate 60 mL/min) from 30 C to 300 C with heating rate of 10 C/min.
Determination of fatty acids present in poly(1,4-cis-isoprene) samples. Content and type of fatty acids were determined by GC-MS analysis. In a 100 mL conical flask equipped with a condenser were poured in sequence 2 g of solid rubber and 40 mL of a solution 4% (w/v) of H 2 SO 4 in methanol. The reaction was carried out under reflux for 1 h. Upon cooling the suspension to room temperature, solid NaHCO 3 was added to achieve a neutral solution. Salts were removed by filtration, performed using a filter paper and a funnel. The liquid was brought to 100 mL by adding methanol into a volumetric flask. 5 mL of such solution were put into a 30 mL test tube and mixed with 5 mL of heptane. The organic phase was washed, once, with 5 mL of brine. The upper phase was removed, dried on Na 2 SO 4 and analyzed by GC-MS analysis.
NMR analysis. One-dimensional 1 H and 13 C NMR spectra were measured at 400 and 100 MHz, respectively, using a Bruker AV 400 equipped with a 5 mm multinuclear probe with reverse detection (Bruker, Rheinstetten, Germany). The solvent was deuterated Chloroform and the temperature was 27 C. The experimental time for 13 C NMR spectra was typically 12 h (corresponding to more than 10,000 scans). Data were processed using TOPSPIN 1.1 or MestReNova. DSC analysis. Calorimetric measurements were performed in a differential scanning calorimeter Mettler DSC 823e in a flowing N 2 atmosphere. The glass transition temperatures (Tg) were determined by DSC curves recorded at 10 C/min.
Preparation of samples for X-ray diffraction analysis under stretching Samples were passed through a two roll mill for 5 times and pressed with 150 bar pressure in rectangular plates (thickness: 0.5 mm; width: 100 mm; overall length: 100 mm) at room temperature. Dumbbell were cut from the plates for the tensile tests.
X-ray diffraction. X-ray diffraction patterns were obtained at room temperature by a Philips X-ray generator (CuKa radiation) in transmission by using a cylindrical camera (radius ¼ 57.3 mm) with the X-ray beam perpendicular to the sample surface. The WAXD patterns were recorded on a BAS-MS imaging plate (FUJIFILM) and processed with a digital imaging reader (FUJIBAS 1800). Analysis were performed for 3 h at room temperature with vacuum. The degree of crystallinity (c c ) was evaluated from radial scans of the X-ray diffraction images of unoriented samples, by applying the standard procedure of resolving the diffraction pattern into two areas, A c and A a , that can be taken as proportional to the crystalline and the amorphous fraction, respectively, and calculated, for the 2q range 5e35 , using the equation (eq. (1))
according to the classical Hermans-Weidinger method [82] . The degree of axial orientation relative to the crystalline phase has been formalized on a quantitative numerical basis using the Hermans' orientation function [83e85]:
by assuming cos 2 x as the squared average cosine value of the angle, x, between the draw direction and the crystallographic c (chain) axis. The orientation factor, f c , is equal to 1 for perfect alignment (x ¼ 0 ), whereas it is equal to À0.5 for perpendicular alignment (x ¼ 90 ). For random orientation cos 2 x is 1/3 and hence f c is zero.
Since for poly(isoprene-1,4-cis) an intense and isolated (200) reflection is present, the quantity cos 2 x, and hence the degree of axial orientation f c,RX , can be experimentally evaluated by: The diffracted intensities I(c 200 ) were obtained by using digital imaging reader (FUJIBAS 1800) on photographic patterns like those of Fig. 2 .
Quasi static properties. Tensile tests were carried out at room temperature by means of a dynamometer (Zwick Roell Z010) with optical extensometer. The clamps rate was 1 mm/min and the chamber load was 10 kN. (ISO 37/UNI 6065).
Results
Chemical composition of rubber samples and molecular features poly(isoprene)s
Content of non rubber components was determined for HNR, GR, TKS and IR samples. Determination was performed by means of TGA and extraction with acetone [31, 48] , carried out under nitrogen and in the absence of light, to avoid modification of the chemical nature of NR components. Indeed, thermal and oxidative degradation of NR has been documented, in particular for GR [86e89] .
Content of non rubber components and characteristics of poly(isoprene) samples are shown in Table 1 . Data reveal that the raw sample of G-NR (GR-R) contains remarkably larger content of by products (about 9% by mass), whereas lower and similar amount was found for TKS and HNR, 3% and 2% by mass respectively. As expected, non rubber components were undetectable in synthetic poly(isoprene).
The amount of non rubber components detected in HNR samples appear slightly lower than the one reported in the scientific literature. In fact, acid coagulated HNR was reported to contain about 6% by mass of the following non rubber chemicals: neutral lipids (2%), glycolipids and phospholipids (1%), proteins (2%), carbohydrates (0.5%), ash (0.2%), and others (0.1%) [3e78]. About 3.5% of by products were obtained from acetone extraction of standard HNR grade (TSR 20) [31] . It is acknowledged that the chemical composition of NR from the Russian dandelion (TKS) and from guayule (G-NR) depends not only on the plantation but also on harvesting and processing procedures. The extraction technique as well remarkably affects the amount of extracted products. Non rubber components were about 6% in GR ASTM 2227 grade 5 [37] . The maximum amount of resins extracted with acetone was found to be about 8% in GR from two year-old guayule plants grown in Arizona [90] and from 3 to 4 year-old plants from Yulex [48] . Resins mainly contained terpenoids and fatty acid triglyercides, lipids, pigments. Acetone extractables in taraxacum kok-saghyz grown in USA in 1940s were 7% [30] and were about 4% in TKS harvested in Kazakhistan [31] .
Polymer characteristics were determined on raw samples and, in the case of GR, also on the sample purified (GR-P) via extraction Glass transition temperature (Tg) was found at about e 65 C. Steric purity was assessed through 13 C-NMR analysis [93, 94] . The NMR spectrum of HNR is shown in Fig. 1 Table 2 .
The nitrogen content, determined through elemental analysis, was taken as indication of the amount of proteins. Data collected in Table 2 show that the highest nitrogen content, from about 0.3 to about 0.5 as mass%, was found in HNR samples and was appreciably lower in the other rubbers. These findings appear in line with the value reported in the literature for the nitrogen content in solid rubber, 0.4% [79] , and in the fresh latex, about 2% [3] , taking into account that only about 25% of proteins in fresh hevea latex are adsorbed on rubber particles. 4.3% and 0.96% of proteins were found in fresh and centrifuged HNR latexes, respectively [95] . Low nitrogen content ( 0.6 mass %) was reported for the GR ASTM 2227 grade 5 and for a FEMA specification grade [38, 39] . The nitrogen content was found lower (from 0.16 to 0.3 mass %) in mexican GR pilot plant grades than in HNR [37] . It is known that water-soluble proteins are known to be allergenic, potentially leading to anaphylactic shock [77, 95, 96] . In a recent work [97] , the proteome of HNR latex has been explored via combinatorial peptide ligand libraries, identifying 300 unique gene products. Deproteinized HNR samples are available, containing about 0.02% nitrogen content. GC-MS, 1 H NMR and 13 C NMR analyses were performed on non rubber products obtained through the extraction of NR samples with acetone. Major components were fatty acids in the case of HNR and TKS, whereas they were in a very minor amount in the sample from GR. Amount and chemical composition of fatty acids mixture is shown in Table 2 . The largest amount of fatty acid was found in TKS, in particular unsaturated fatty acids. Linoleic and linolenic acids were in larger amount in HNR samples. This is in line with what reported in the literature [3] . Minor amount of unsaturated acids was found in GR samples, whereas the saturated acids were undetectable. The highest relative amount of saturated fatty acids, such as palmitic and stearic, was found in HNR. By products present in large amount in GR-R were undetectable in NR samples from other natural sources. Such chemicals were unsaturated, with iodine number equal to 44%. 13 C NMR analysis revealed that these products are sesquiterpenes. Their relative abundance is presented in Table 3 .
The presence in GR samples of a prevailing amount of argentatines and guayulines has been reported in the literature [98] . The concentration of sesquiterpenes in the essential oil of parthenium argentatum leaves was determined to be 39.5% [99] . Steam distillation of the leaves led to identify monoterpenes such as, mainly, apinene and b-pinene, and then terpinolene, sabinene, limonene, camphene, b-myrcene and b-ocimene. The absence of monoterpenes in GR sample studied in the present work could be ascribed to the procedure adopted for isolating the rubber from the GR latex. Moreover, as mentioned in the introduction, it is widely acknowledged that the chemical composition of GR depends on crops and on latex processing conditions. Data in Tables 2 and 3 show appreciable differences among the chemical compositions of poly(isoprene)s samples.
Crystallinity in unstretched NR samples
Crystallinity in unstretched samples was studied for H-NR, TKS and GR samples, by means of WAXD analysis. In particular, HNR samples had high and low molar mass (HNR-H and HNR-L) and GR samples were as precipitated from the latex (GR-R) and after extraction with solvent (purified, GR-P).
Unstretched plates (about 0.5 mm thick) were prepared passing the rubber samples between the rolls of the two roll mill and pressing then the sheets under a pressure of about 0.35 MPa.
Stretching was up to a ¼ 5 as the strain ratio. The WAXD photographic patterns of 0.5 mm thick NR plates, before stretching, are a On the total mass of the rubber sample. shown in Fig Fig. 3A(d) ) reveal 200, 201, 120 and 121 reflections, with the usual relative intensities [100e105] and maximum intensity for the 120 reflection (at 2q ¼ 21.2 ). It has been reported [47] that aging at room temperature (for 6 months) of HNR-H plates led to the increase of crystallinity, up 30%, with a melting temperature of about 45 C, surprisingly high, taking into consideration the values reported in the literature: from DSC measurements, experimental values were always lower than 25 C [106e108]. Melting point higher than 40 C has been reported only when measurements were performed under a pressure higher than 1.5 kbar [109] .
HNR-L sample revealed a peculiar behaviour. It was amorphous before processing and, after passing through the two roll mill, either remained amorphous or developed a partial crystallinity, as revealed by some Debye rings due to crystalline reflections of poly(1,4-cis-isoprene) [1] . The disordered crystalline modification was unusual, with 120 and 121 reflections having low intensity, and was unstable at room temperature. In a recent work by the authors [47] , both the amorphous and the crystalline samples have been presented. Rationalization for the occurring of crystallinity was on the basis of a crystalline packing, with disorder mainly along the b axis. It has been reported that the crystallinity of HNR-L-C was lost after aging at room temperature for 6 months. To underline that the crystalline sample has been selected for the present work and to allow an easier comparison with the mentioned work [47] , the label HNR-L-C has been adopted.
The GR-P sample (the GR-R sample after solvent extraction) showed partial crystallinity, which was estimated of about 10%.
TKS and GR-R were found completely amorphous, whatever the processing conditions.
Crystallinity in stretched NR samples
The development of crystallinity and mechanical reinforcement under axial stretching was studied for the same samples. The WAXD photographic patterns of 0.5 mm thick plates, upon stretching at a ¼ 5, are shown in Fig. 5 
. Patterns are from the following NR samples: TKS (a), HNR-L-C (b), HNR-H (c), GR-R (d), GR-P (e) and IR (f) samples.
The corresponding equatorial scans and azimuthal scans (for the 200 reflection at 2w CuKa ¼ 13.8 ) are shown in Fig. 3B(a-c) and 3C(a-c) for the TKS and HNR samples and in Fig. 4B(d-e) and Fig. 4C(d-e) for GR samples, respectively.
As reported in the previous paragraph, TKS, GR-R and IR were amorphous after processing and at a ¼ 1.
Among these amorphous samples, only TKS was able to develop crystallinity under strain: strain induced crystallization occurred only for a > 4. TKS sample stretched at a ¼ 5 shows narrow peaks in the azimuthal scans of Fig. 3C (a) , thus indicating the formation of crystalline phase with high degree of axial orientation (fc ¼ 0.95).
GR-R and IR were not able to develop crystallinity. The HNR-L-C sample, moderately crystalline at rest, developed a low degree of axial orientation (maximum value of fc ¼ 0.69). Indeed, large diffraction arcs are present in Fig. 2 and broad peaks are in the azimuthal patterns of Fig. 3A . Moreover, a slight increase of crystallinity was observed, as it is revealed by the comparison of pattern (a) in Fig. 3A and B. It is worth commenting that the anomalous crystallinity, observed in processed plates, was maintained also after stretching.
Crystallization and reinforcement under strain
The stressestrain curves from quasi-static measurements taken on HNR-L-C, TKS, GR-R, GR-P and IR are shown in Fig. 6 .
Reinforcement under strain was not observed for IR. GR-P achieved larger stress values than GR-R. As reported above, GR-R is able to form oriented crystallites under strain. GR-P and HNR-L-C are crystalline after processing at a ¼ 1. They are not able to give rise, under stretching, to an appreciable increase of crystallinity. Clear reinforcement is shown by the TKS sample, which has higher stress values at all deformations with respect to all the other samples, in particular at large strains. TKS is amorphous at rest and is able to form oriented crystallites under strain.
The different behaviour of poly(isoprene)s samples from different natural sources was investigated focusing the attention on those which revealed the larger reinforcement under strain: HNR-L-C and TKS. Photographic WAXD patterns were collected during stretching at different draw ratios and they are reported in Fig. 7 for HNR-L-C and in Fig. 8 for TKS (a values are shown close to the curves).
The inspection of the graphs in Fig. 7 and in Fig. 8 reveals that crystallinity does not remarkably increase under stretching in the case of HNR-L-C, whereas, for TKS sample, oriented crystalline phase is revealed at a ¼ 4.5 and is further developed at a ¼ 5.
Study of the effect of poly(isoprene) molar mass
The effect of molar mass on crystallization and reinforcement under strain was investigated on HNR-H, that means the NR sample from Hevea Brasiliensis with higher molar mass. The molecular feature of this poly(isoprene) sample and the content of low molar mass components are in Table 1 . Nitrogen content and composition of free fatty acids mixture are in Table 2 . HNR-H was melt blended with two different contents, 0.05 and 0.1 as mass %, of dibenzamido diphenyldisulphide, a chemical whose chemical structure is in Fig. 9 .
Reduction of molar mass was expected, as the disulfide is able to trap the chain end radicals generated by the thermomechanical blending. The molar masses of the three HNR specimens were determined by means of Mooney measurements and were found to correspond to 99, 75 and 47 Mooney units, for starting HNR-H and for the samples blended with 0.05 and 0.1 as mass% of disulfide, respectively. WAXD patterns were taken on samples stretched to the largest strain ratio, a ¼ 5, to allow the development of the largest amount of crystallinity. The 2D diffraction patterns of HNR-H samples with different molar mass are shown in Fig. 10 .
Crystallinity can be observed in the 2D patterns of the two HNR samples with higher molar masses, 99 and 75 as Mooney units, with higher content for the former one. HNR sample with 47 MU is completely amorphous. Oriented crystalline phase appears to be present in the sample with the highest molar mass.
The stressestrain curves obtained from quasi static tensile tests on the three samples of HNR are in Fig. 11 .
Reduction of molar mass leads to a substantial decrease of stresses at every elongation. The sample with the lowest molar mass, amorphous at a ¼ 5, does not show appreciable reinforcement under strain.
Study of the effect of non rubber components
The effect of non rubber components was studied for both HNR and TKS samples. Solvent extraction of HNR was performed adopting the procedure reported in the experimental part, obtaining a specimen with almost undetectable amount of free fatty acids and with reduced nitrogen content (about 0,1%).
2D WAXD patterns of pristine (a) and extracted (b) HNR samples drawn at a ¼ 1 and at a ¼ 5 are shown in Fig. 12 and in Fig. 13, respectively. It appears that the extraction of free fatty acids and free proteins from HNR led to the reduction of crystallinity. The stressestrain curves obtained from quasi-static measurements for the HNR sample, before (a) and after (b) extraction with solvent are shown in Fig. 14.
It appears that the extraction of fatty acids and proteins led to the reduction of stresses at all the elongation.
The effect of free and linked molecules on strain induced crystallization and reinforcement was investigated for the TKS sample. TKS was first extracted, as reported above for HNR, to remove free chemicals, essentially free fatty acids. The TKS sample without fatty Crystallinity with poor orientation is visible in the TKS sample after solvent extraction, whereas the specimen treated with sodium methoxide is completely amorphous. The stressestrain curves for TKS samples, pristine and after the treatment, are in Fig. 16 .
It appears that remarkable reduction of stresses at all the elongations is caused by the extraction of fatty acids and that, in particular, reinforcement under strain cannot be detected for the sample which experienced the treatment with sodium methoxide.
To further investigate the effect of fatty acids, either stearic or linoleic acid were added to a HNR-L sample purified through extraction with acetone. Stearic acid should be a nucleating agent and linoleic acid should be a plasticizer. 2D WAXD patterns of HNR-L samples are in Fig. 17 .
Quasi static properties after addition of stearic acid and linoleic acid are in Fig. 18 .
The addition of stearic acid does not promote the crystallization of the HNR sample obtained after purification. Instead, it is possible to observe the increase of the stresses at all the elongations.
The addition of linoleic acid does not promote the crystallization and mechanical reinforcement of the HNR sample obtained after purification.
Overall discussion of results
A correlation cannot be established between stereoregularity and crystallinity of the unstretched samples, after processing, at a ¼ 1. In fact, TKS, which has the highest steric purity, is amorphous at a ¼ 1. HNR-H and HNR-L have different degree of crystallinity, but the stereoregularity of these samples appears to be very similar. The lower stereoregularity could be at the origin of the absence of crystallinity at a ¼ 1 of the IR sample, which is also not able to develop crystallinity under stretching. However, it has to be considered that chain end crosslinking, which is acknowledged to play a key role in promoting the SIC phenomenon [72e79], is absent in the synthetic poly(isoprene).
The molar mass of poly(isoprene) seems to have a remarkable effect on crystallinity of unstretched samples and, particularly, on the crystallization and reinforcement under stretching. It could be hypothesized that the high molar mass could be beneficial for the larger amount of crystallinity at a ¼ 1 of HNR-H, if not from the kinetic point of view, at least reducing the effect of chain ends. GR-P, which is crystalline at a ¼ 1, has high molar mass, even higher than HNR-H. The 2D WAXD patterns of HNR-H samples treated with increasing amount of 2,2 0 -dibenzamido diphenyl disulfide and stretched at a ¼ 5 reveal the reduction of crystallinity in samples with lower molar mass and to the substantial decrease of stresses at every elongation. The role of molar mass on the induction of crystallization has been highlighted in recent works [72, 110] . Entanglements have been found to promote chains alignment and to induce the formation of crystals in IR at low temperatures (0, À25 and À50 C). At 25 C, entanglements led to a viscous response with yield stress but without crystallization under strain. HNR showed instead crystallization and reinforcement under strain also at 25 C. It was commented that the pseudo end-linked polymer chains network, present in HNR, made permanent the entanglements.
A clear effect on crystallinity and crystallization and reinforcement under stretching is played by non rubber components. GR-R is amorphous after processing at a ¼ 1 and this can be attributed to the large amount of terpenes. GR-P, that means GR-R after extraction of terpenes, is crystalline at a ¼ 1. Terpenes could thus act as plasticizers for GR-R. GR-R is able to develop oriented crystallinity under stretching, but not reinforcement. It seems that the amount of terpenes is beneficial for allowing amorphous chain to align themselves under strain but is too high to allow appreciable enhancement of the mechanical properties.
The prevailing content of unsaturated fatty acids (which are above their melting temperature, at RT) in TKS could prevent crystallization at a ¼ 1. Unsaturated fatty acids could act as plasticisers for TKS. The addition of linoleic acid to TKS leads to the reduction of reinforcement under strain.
The large crystallinity of HNR-H could be also ascribed to the presence of saturated fatty acids, which have been reported to act as nucleating agents [75] , though it is indeed a difficult task to identify nucleating agents in a complex mixture such as the one of non rubber components. The lower crystallinity of GR-P could be also ascribed to the absence of fatty acids. It was shown in Figs. 12, Figs. 13 and 14 (for the HNR sample) and in Figs. 15 and 16 (for TKS sample) that the removal of free fatty acids and proteins led to appreciable reduction of crystallization and reinforcement under strain. The role of free saturated fatty acids and proteins in promoting crystallinity is widely acknowledged. It was reported that the rate of HNR crystallization, after removal of free fatty acids, was brought back to the original level by adding 1% of stearic acid [75, 111] and that a mixture of saturated fatty acids accelerate the crystallization of IR [74] . The effect of fatty acids on the crystallization behaviour of HNR was commented to be larger than that of proteins [75] . However, proteins are known to promote the storage hardening of NR [3, 40] , which could be due to the crosslinking reaction promoted by proteins with oxygenated functional groups assumed to be on rubber chains. De-proteinized HNR required the highest strains for inducing crystallization [38] and the green strength of the rubbers was found to decrease in samples with undetectable amount of proteins [79, 112] . Interestingly, results here reported (Figs. 17 and 18) show that a saturated fatty acid (such as stearic acid) has preferential effect on reinforcement rather than on crystallization under strain, when added in small amount to acetone extracted HNR sample. It seems that the saturated fatty acid has effect on the mechanical reinforcement rather than on the crystallization ability of the HNR sample.
Chain end crosslinking has indeed a great effect on crystallinity and crystallization under stretching. TKS after the treatment with sodium methoxide does not show crystallization and reinforcement under strain. As mentioned above, the absence of chain end crosslinking in synthetic poly(isoprene) cannot be disregarded to explain its amorphous nature at a ¼ 1 and the absence of crystallization and reinforcement under stretching.
Results of the present work draw the attention on the behaviour of NR samples under stretching. GR-R and, in particular, TKS developed oriented crystalline phases under stretching and only TKS was able to show reinforcement under strain. Lower green strength was reported in the literature [34] for GR with respect to HNR, with consistent reduction as the amount of resins in the GR sample increased (from 1 to 9%). In the mentioned work, information is not available on crystallization. Better failure properties were reported [37] for cured GR with 3e4% of by products, with respect to HNR having the same amount of non rubber molecules, but also with respect to cleaner or deproteneized HNR. This result was commented [38, 40] to be unexpected, as it is known that more non rubber contaminants mean larger intrinsic flaws that should concentrate stress, promoting fracture and fatigue. It was thus hypothesized [40] that non rubber contaminants nucleate crystallization. Results of the present work allow to propose an alternative hypothesis. The formation of oriented crystalline phase with the increase of a, in TKS and GR-R, arises from the strain induced orientation of the amorphous phase, which generates highly oriented crystallites. Crystallization involves chains that are mostly oriented along the stretching direction. The large development of oriented crystallinity and reinforcement in the case of TKS could be reasonably correlated with the high stereoregularity of such poly(isoprene). Semicrystalline polymer such as poly(-ethyleneterephtalate) (PET) was reported, by one of the authors [113] , to develop analogous phenomenon. PET fibers with higher content of diethylene glycol revealed a delayed crystallization, that allowed the progress of the amorphous phase orientation and, in turns, the formation of oriented crystallites and the development of higher tenacity. Reinforcement under stretching of NR samples is due to the crystalline phase and is stronger when the crystallization occurs at high draw ratios: highly oriented chains form highly oriented crystalline phase. 
Conclusions
Strain induced crystallization and reinforcement are at the origin of outstanding properties of natural rubber such as very high tensile strength and crack growth resistance. This work investigated crystallization and reinforcement under strain in uncrosslinked poly(1,4-cis-isoprene)s samples from ZieglereNatta catalysis and from different natural sources: hevea brasiliensis, partenium argentatum and taraxacum kok-saghyz. For the first time, comparison is performed among NR samples from all these sources.
Crystallinity was found in processed, unstretched (strain ratio a ¼ 1) plates of HNR-H and GR-P, that means two samples with high molar mass and with limited amount or absence of non rubber components. HNR-L, with low molar mass, showed a low and unstable crystallinity. TKS and GR-R were amorphous. The largest reinforcement under strain was obtained with TKS, that means with a sample amorphous at a ¼ 1. Crystallization started at high draw ratios and highly oriented crystallites were formed. The positive effect on SIC of pseudo end-linked polymer chains network is shown for TKS, which did not show any crystallization and reinforcement under strain after the reaction with a reagent such as sodium methoxide, able to promote transesterification reaction of polymer chain ends and cleavage of proteins bonds. It can be hypothesized that positive effect on these results came also from non rubber components such as unsaturated fatty acids, which could act as plasticizers, preventing crystallization at a ¼ 1.
Oriented crystallites were shown also by the GR-R sample, in minor amount with respect to TKS. Terpenes appear to act as plastifiers for GR-R, preventing crystallization at a ¼ 1 and the development of reinforcement upon stretching.
HNR and GR-P were crystalline at a ¼ 1 and did not reveal oriented crystallites under strain, with appreciably lower stresses at all the elongations with respect to TKS.
IR remained amorphous, without showing reinforcement, under stretching.
TKS, at least the sample analyzed in the present work, appears to be the ideal poly(isoprene) for achieving mechanical reinforcement and better failure properties, thanks to its ability to develop highly oriented crystallites and thus high reinforcement.
